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1 . 0 SUMMARY 


Since the publication of the Computer Users' Manual for PACES, 
the analytical model has been validated by means of measured 
data from the first three shuttle lift-offs. During the 
validation process, new information became available and five 
changes have been made to the input data and the computer 
program. Three changes affect the user. They are:- 

(a) A revision to the recommended exterior sound 
pressure levels (See Section 3.0) 

(b) A revision to the recommended payload bay acoustic 
absorption coefficients (See Section 4.0) 

(c) A revision to the vertical station datum for the 
payload bay (See Section 5.0). 

The two other changes do not involve the user. The changes are 
associated with the output of confidence limits for the predic- 
ted space-average sound pressure levels in the payload bay, and 
a modification to the analytical representation of the payload 
bay door. The changes are discussed briefly in this Addendum to 
the Computer Users' Manual. 
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2.0 INTRODUCTION 


2.1 General 


The PACES (Payload Acoustics Environment for Shuttle) computer 
program, developed from the analytical model described In [1], 
provides a means of predicting the sound levels In the payload 
bay of the Space Shuttle orbiter vehicle at lift-off. The 
development of the analytical model included a number of valida- 
tion tests involving the OV-101 test vehicle and one-fifth and 
one-quarter scale models. This development process is described 
in Volumes I, II, IV and V of NASA Contractor Report CR-159956 
[1]. Volume III of the same report consists of a users’ manual 
for the PACES computer program. 

Subsequent to the publication of NASA CR-159956 in March 1980, 
acoustic measurements were made on the exterior of the orbiter 
vehicle and in the payload bay during lift-off for the first 
three shuttle launches [2-4] designated STS-1, STS-2 and STS-3. 
Data from these launches were analyzed [5-7] with the purpose of 
validating the PACES computer program under actual launch 
conditions and with an essentially empty payload bay. The 
results of these analyses indicated several ways in which the 
accuracy of the predictions could be improved either by 
modifying input data to the program, by changing assumptions 
adopted in the computation process, or by additions to the 
computer program output. These improvements are discussed in 
this report, which is an addendum to the computer users' manual 
(Volume III of [1]). 

2.2 Computer Program Modifications 

It should be emphasized that the modifications to the PACES 
computer program do not involve changes to the analytical model. 
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Rather they consist of modifications to the manner in which 
computations are performed or updates made to the input data. 

The modifications are:- 

(a) Revisions to the recommended exterior sound pressure level 
to take into account actual lift-off measurements. 

(b) Revisions to recommended acoustic absorption coefficients 
for the payload and payload bay to take into account the 
use of TCS material on the forward and aft bulkheads, and 
thermal insulation material on payload surfaces. 

(c) Change of the reference Z station used in the computer 
program to allow for the application of PACES to payloads 
with a diameter of 15 feet (the maximum permissible within 
the payload envelope). 

(d) Provision of confidence limits for the estimated 
space-average sound pressure levels in the payload bay. 

(e) Changes to the assumptions adopted in the representation 
of the dynamic characteristics of the payload bay door. 

The modifications have a small impact on the tasks performed by 
the user. Items (a) and (b) simply replace values recommended 
previously on the basis of information available before the 
first launch of the Space Shuttle. Item (c) corrects an error 
in the Z datum contained in PACES. Item (d) is an addition to 
the computer program to provide the automatic output of confi- 
dence limits for all predicted space-average sound pressure 
levels. Finally, item (e) constitutes a change to the struc- 
tural data package, which is outside the control of the user. 



In summary, the user should note items (a), (b) and (c) before 
preparing an input data package for PACES. The user has no 
control over items (d) and (e). Users of PACES should still 
refer to Volume III of [1] as the program manual. The present 
addendum is presented solely as a supplement to Volume III. 
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3.0 EXTERIOR SOUND PRESSURE LEVELS 


In Section 5.1 of Volume III cards 8 through 31 define the 
space-average sound pressure level spectra (in one-third octave 
frequency bands) on the exterior of the payload bay. The exter- 
ior surfaces are divided into six areas — payload bay door, 
forward and aft regions of the bottom, forward and aft regions 
of the sidewall, and the aft bulkhead at X = 1307* Space- 
average sound levels are required for each area. The data for 
the cards are to be selected by the user but, on page 29 of 
Volume III, the user is referred to recommended levels provided 
in Volume II. 

Since the publication of Volumes II and III, measurements made 
during STS-1, STS-2 and STS-3 indicate that the exterior levels 
given in Volume II (and based on 6.4% scale model tests) do not 
match the actual lift-off values. Consequently the recommended 
exterior sound pressure levels have been modified by averaging 
data from STS-2 and STS-3 launches. (Data from STS-1 have been 
excluded because the ramp water injection system was changed 
following STS-1 launch). The resulting sound presssure level 
spectra are plotted in Figure 1 and tabulated in Table 1. The 
spectra contain measured data for the frequency range 12.5 Hz to 
1600 Hz. Data at higher frequencies were excluded because of 
signal contamination. Thus the spectra were extrapolated from 
1600 Hz to 4000 Hz by inspection. 

It is recommended that the spectra contained in Figure 1 and 
Table 1 now be used as data input to PACES, in place of values 
given in Volume II. 
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ONE-THIRD OCTAVE BAND SOUND PRESSURE LEVEL, DB RE 20 MICRO PA 



FIGURE 1. EXTERNAL SOUND PRESSURE LEVELS ON DIFFERENT STRUCTURAL 
REGIONS (AVERAGE OF STS-2 AND STS-3 DATA) 
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Based on Results from STS-2 and STS- 



4.0 ACOUSTIC ABSORPTION COEFFICIENTS 


In Section 5*1 of Volume III, Payload Cards 4 + 3n through 
3 + 27n constitute n sets of 24 cards which define the acoustic 
absorption coefficient spectra for the six surfaces of each sub- 
volume. Also, Payload Cards 4 + 28n through 3 + 32n constitute 
a set of 4n cards which define the absorption coefficient 
spectra for the non-bounding payload surfaces in the n sub- 
volumes. Values of the absorption coefficients are to be 
selected by the user. 

Table 6 of Volume II provides absorption coefficients estimated 
for the payload and payload bay surfaces. The table has now 
been revised to allow for the TCS material which is installed on 
the forward (X = 582) and aft (X = 1307) bulkheads. Also, 
allowance is made for the possible use of thermal insulation 
material (referred to here under the generic TPS designation) on 
surfaces of the payload. Use of such material on payloads was 
observed for the early shuttle launches. Revised absorption 
coefficient spectra are given in Table 2 for the payload bay 
surfaces, and in Table 3 for payload surfaces. 


In the case of the payload, two extreme conditions are present- 
ed. One extreme refers to a payload which has no surfaces 
treated with TCS (or equivalent) material, and the other is 
associated with payloads for which all the surface area is 
treated with TCS material. Table 3 provides absorption 
coefficient data for both conditions, with a Q referring to 
surfaces without TCS and to surfaces with TCS material. 


Should the payload be only partially covered by TCS material, an 
average absorption coefficient a can be estimated by:- 


a 


a S + a, S, 
oo t t 

o t 


( 1 ) 


In Eq.(l) S Q and St are, respectively, the areas of the 

surfaces without and with TCS material. Values of a and a. are 

o t 

obtained from Table 3. 
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Table 2. Estimated Absorption Coefficients for Payload Bay 
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Table 3. Estimated Absorption Coefficients for Payload Surfaces 
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400 
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5.0 VERTICAL STATION DATUM 


Payload Cards 4 through 3+n define the volume, dimensions and 
locations of the n active subvolumes which describe the region 
surrounding a payload. Columns 51-60 of each card define the 
Volume K Z-axis locator D2(K), where D2(K) is the distance (in 
inches) that the top surface of the subvolume indexed K lies 
below a given vertical station datum. The datum is given as 
Z = 488 in Volume III of [1] but since this location lies within 
the maximum available payload envelope the value is being 
changed to Z = 493. This vertical station coincides with the 
lower surface of the radiators at the payload bay centerline 
(Y=0), and provides a static clearance of 3*0 inches between the 
radiators and the payload envelope with a 90.0 inch radius 
centered at Z = 400. 

The instructions regarding the definition of D2(K) should now 
read : D2(K) is the distance (inches) that the deformed top 
surface of the subvolume Indexed K lies below the vertical 
station designated 493, when measured on the Y=0 axis . 


- 12 - 



6.0 CONFIDENCE INTERVALS 


Analysis of the sound levels measured in the payload bay during 
lift-off for STS-1, -2 and -3 has provided 95% confidence inter- 
vals for each one-third octave band in the frequency range 12.5 
to 630 Hz. These confidence intervals which are given in 
Table A, have been applied directly to all space-average sound 
pressure levels predicted by PACES. Confidence intervals for 
frequency bands above 630 Hz have been estimated by taking 
average values for the one-third octave bands in the frequency 
range 160 to 630 Hz. These extrapolated values (-3.3 dB and 
+1.9 dB) are also shown in Table 4. 

The inclusion of 95% confidence intervals in PACES does not 
involve any additional effort on the part of the user. The 
confidence intervals are specified in the first eight cards of 
the DATA-STRUCTURE package, and they are to be considered as 
part of that fixed input package. To accommodate this addition- 
al data, the number of data cards in the DATA-STRUCTURE package 
(see page 29 of Volume III [1]) has been increased to 346 (Cards 
32-377) and the card defining the number of payload configura- 
tion input data packages (see page 30 of Volume III [1]) has 
been changed from Card 370 to Card 378. 

The new output from PACES, showing the upper and lower 95# 
confidence limits, provides an indication of the statistical 
variability of payload bay sound levels from location to 
location and from launch to launch. Further details on the 
measured variations in payload bay sound levels can be found in 
[5-7]. 
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Table 4. Confidence Intervals for Space— Average 

Sound Pressure Levels Predicted by PACES 


Frequency 

(Hz) 

95% Confidence 
Intervals (dB) 

Lower 

Upper 

12.5 

-2.5 

+ 1.5 

16 

-1.5 

+1.1 

20 

-1.9 

+ 1.4 

25 

- 3.7 

+2.0 

31.5 

-2.5 

+ 1.5 

40 

-1.7 

+1.2 

50 

-3.1 

+ 1.8 

63 

-1.7 

+ 1.3 

80 

-3.5 

+ 1.9 

100 

-2.1 

+1.4 

125 

-5.6 

+2.3 

160 

-3.3 

+1 . 8 

200 

-3.7 

+ 2.0 

250 

-3.0 

+1.7 

315 

-3.2 

+ 1.8 

400 

-3.2 

+ 1.9 

500 

-3.3 

+ 1.9 

630 

-3.1 

+1.9 

800 

-3.3 

+ 1.9 

1000 

-3.3 

+1.9 

1250 

-3.3 

+ 1.9 

1600 

-3.3 

+1.9 

2000 

-3.3 

+ 1.9 

2500 

-3.3 

+1.9 

3150 

-3.3 

+ 1.9 

4000 

-3.3 

+1.9 
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7.0 ANALYTICAL MODEL FOR PAYLOAD BAY DOOR 


The analytical model for the dynamic response of the payload bay 
door includes the calculation of joint acceptance functions 
which describe the coupling between the excitation field and the 
structure. Of particular interest is the average joint accept- 
ance function for progressive wave excitation. This is discuss- 
ed in Section 4. 2. 3.1 of Volume II [1], where on the basis of 
ground tests on the OV-101 test vehicle (Volume IV of [1]), the 
band average joint acceptance function <j^ N > I s taken as the 
upper envelope of values calculated for stiffened and 
unstiffened door structures. 

Comparisons between measured and estimated sound levels for the 
payload bay for STS-1, STS-2 and STS-3 [5-7] show that the pre- 
dicted values are, on the average, 3*5 dB too high at frequen- 
cies above 160 Hz. Since the analytical model indicates that 
the door is the dominant transmission path it is appropriate to 
modify the joint acceptance model for the door. The modifica- 
tion places more emphasis on the unstiffened door characteris- 
tics, making the model more consistent with that for other 
structural regions of the payload bay. The modified joint 
acceptance spectrum is shown in Figure 2, where it is compared 
with the model shown in Figure 14 of Volume II [1], 

When the revised door joint acceptance function is used for the 
door, the predicted space-average sound pressure levels for the 
payload bay show very good agreement with lift-off data. Com- 
parisons for STS-1, STS-2 and STS-3 are shown in Figures 3 
through 5. The figures also contain 95 % confidence limits for 
the STS-2 and STS-3 data and 90 % confidence limits for STS-1. 

(In the latter case 95 % confidence limits were not determined 
because of the very small number of data points). The revised 
joint acceptance function is now incorporated into the PACES 
computer program. The change affects only the high frequency 
calculations in the analysis, since the low frequency calcula- 
tions do not utilize <j^>. 
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ONE-THIRD OCTAVE BAND SOUND PRESSURE LEVEL, DB RE 20 MICRO PA 



FIGURE 3. COMPARISON OF PREDICTED AND MEASURED SPACE-AVERAGE 
SOUND PRESSURE LEVELS FOR PAYLOAD BAY OF STS-1 
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FIGURE 4. COMPARISON OF PREDICTED AND MEASURED SPACE-AVERAGE 
SOUND PRESSURE LEVELS FOR PAYLOAD BAY OF STS-2 
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FIGURE 5. COMPARISON OF PREDICTED AND MEASURED SPACE-AVERAGE 
SOUND PRESSURE LEVELS FOR PAYLOAD BAY OF STS-3 
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8.0 DISCUSSION 


The preceding sections have presented information to the user of 
PACES in a fairly concise manner. Thus it is useful now to 
discuss certain aspects of the prediction procedure. 

Payload Bay Vents : - 

In principle, the analytical model associated with PACES assumes 
that the eight vents in the sidewalls of the payload bay are 
closed at lift-off. In practice, however, the PACES computer 
program computes space-average sound levels for the payload bay 
with vents open. 

There are two reasons for making this assertion. Firstly, the 
analytical model contained in PACES has been modified slightly, 
as described in Section 7, so that there is good agreement 
between measurements and predictions for STS-1 through STS-3 
lift-offs. Since the payload bay vents were open during those 
lift-offs, the PACES computations implicitly assume that the 
vents are open. 

Secondly, a simplified analysis of noise transmission through 
the vents was performed in [5]. The analysis suggested that, at 
frequencies below 400 Hz, opening the vents would increase the 
space-average sound levels in the payload bay by less than 2 dB, 
although as the frequency increased above 400 Hz the effect 
became larger. It was observed, however, that the accuracy of 
the predictions was highly sensitive to the accuracy with which 
the exterior sound pressure levels could be described for the 
vent locations. Unfortunately, these exterior sound pressure 
levels could, in practice, be estimated only approximately 
because of the absence of microphones on the mid-fuselage side- 
wall. Furthermore, the vents have a complicated geometry being 
composed of a box-like cavity with a non-uniform depth and a 
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porous filter for the transmitting area. These factors cannot 
be modeled very accurately. Because of these uncertainties, and 
the relatively small effects predicted for the vents, the influ- 
ence of the vents was assumed to be negligible except, perhaps, 
for payload surfaces which are close to an open vent. 

Confidence Intervals : - 

The 95# confidence intervals presented with the PACES predic- 
tions for various subvolume space-average sound levels were 
determined from statistical studies of acoustic measurements 
made in the orbiter payload bay during STS-1, STS- 2 and STS-3 
lift-offs. Hence the confidence intervals represent uncertain- 
ties due to possible sampling errors in the acoustic measure- 
ments used to verify the PACES computer model as opposed to 
derived error estimates for the analytical model itself. Since 
the analytical model has been modified to provide relatively 
close agreement with the space-average levels measured on STS-1 
through STS-3, it is believed that the noted confidence 
intervals can be used as a first order estimate for possible 
errors in the PACES predictions. For example, the upper limit 
of the 95# confidence interval can be interpreted as an upper 
bound on the PACES space-average estimates in a given subvolume 
for design and test purposes. 

It should be emphasized that the PACES predictions with 
confidence intervals apply only to the space-average level in a 
given subvolume and not to the acoustic pressures at individual 
locations within that sub volume. Analysis of the data from 
STS-1 through STS-3 has shown that the acoustic pressures at 
individual locations in an essentially empty bay may be substan- 
tially higher or lower than the space-average level, and fall 
well outside the noted confidence intervals. This is demon- 
strated in Figures 6 and 7 taken from [73. The two figures were 
derived from an analysis of the combined data from STS-1 through 
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FIGURE 7. SPACE-AVERAGE AND RANGE OF VALUES FOR MEASURED 
SOUND PRESSURE LEVELS IN PAYLOAD BAY AT LIFT-OFF 
(STS-1, STS-2, AND STS-3) 





STS- 3. Figure 6 shows the space-average level and the 95% 
confidence limits, whereas Figure 7 shows the space-average with 
the corresponding maximum and minimum values. This difference 
between the 95 % confidence interval and the range of measured 
data might influence the selection of design criteria and/or 
test levels for specific components of a payload. 

It should also be emphasized that the confidence intervals 
contained in PACES were derived from measurements in an empty, 
or almost empty, payload bay. The assumption is made in PACES 
that the same confidence intervals can be applied to subvolumes 
surrounding payloads. The validity of this assumption can be 
justified by reference to Volume V of [1] which contains an 
analysis of measurements from the one-quarter scale model tests. 
Confidence limits calculated for space-average sound levels in 
subvolumes around model payloads have values which are similar 
to those measured for STS-1 through STS-3. Thus it is deemed 
appropriate to apply the confidence limits computed for STS-1 
through STS-3 to all subvolumes in the payload bay. 

Modeling of Subvolumes ; - 

One of the more difficult tasks imposed on the user is that of 
modeling the space around a given payload. Problems involved 
with the modeling received considerable attention during the 
development of the PACES computer program and discussion can be 
found in Volumes II, III and V of [1] as well as in [6] and [7]. 
It is worthwhile, however, to reiterate some of the more 
important aspects of the modeling process. 

The analytical model developed for PACES envisages the space 
around a payload in terms of a group of coupled subvolumes 
excited by a number of different structural components. Ideal- 
ly, each subvolume should be capable of supporting a standing 
wave system, each boundary of a subvolume being made up partly 
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of an absorbing and reflecting surface and partly of a transmit- 
ting opening. There should be an actual, physical, reflecting 
surface on each of the six boundaries of each subvolume. Prob- 
lems arise where these conditions cannot be met. Since the 
model assumes that all subvolumes extend the full width of the 
payload bay, from sidewall to sidewall, boundary condition 
problems are associated with the yz and xy planes perpendicular 
to the x- (longitudinal) and z- (vertical) axes, respectively. 

Consider first the xy plane. The recommended approach for 
modeling a subvolume around a payload section which projects 
only a small area on the xy plane is to utilize a single sub- 
volume surrounding the payload section, with the payload section 
represented as a sound-absorbing surface within the subvolume. 
Representations of this type are shown as Subvolume 1 in 
Figures 39 and 40 of Volume II [1], 

The main problem arises when considering the yz plane perpendi- 
cular to the x-axis. In this case it is possible that the user 
will have no alternative but to select subvolumes which have no 
physical surfaces at the forward or aft boundaries. The only 
longitudinal acoustic modes which can be set up in such sub- 
volumes will be those associated with the change in impedance at 
an area change. The user should, however, make every effort to 
avoid subvolumes of this type. For example, when the payload is 
small, no attempt should be made to form multiple subvolumes 
where these are not appropriate. PACES cannot be used to 
estimate the spatial variation of the payload bay sound pressure 
level by arbitrarily dividing the bay into several subvolumes. 

In this example, the payload bay should be modeled as a single 
subvolume containing a non-bounding, sound-absorbing payload, as 
is shown in Figure 38 of Volume II [1]. 

While some criterion regarding payload volume as a percentage 
(say 10 %) of the total bay volume could be used as a guideline 
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In deciding whether or not to select a single-volume representa- 
tion, the decision on subvolume modeling should really depend on 
whether or not the payload occupies a significant fraction of 
the payload bay cross-sectional area at some longitudinal 
station, thereby constituting a physical reflecting boundary. 

Given the selection of a single volume surrounding a non-bound- 
ing payload, any estimate of the spatial variation of sound 
pressure level in the payload bay would have to be made on the 
basis of data contained in [5] through [7] and in Figure 7* 

The most difficult representation is that associated with 
annular-type subvolumes, such as Subvolume 5 in Figure 39 or 
Subvolume 7 in Figure 40 of Volume II [1], around large diameter 
payload sections. Similar problems occur for subvolumes beneath 
payload pallets, but these regions are usually less critical 
than those above payloads because most of the acoustic power is 
transmitted through the payload bay doors. 

PACES allows three options for subvolumes of this type. The 
option is specified by the user on Payload Card 3* Code 1 
identifies the subvolume as being regular and active. This is 
the code used for most subvolumes. Code 2 specifies the 
subvolumes as being inactive. Such a subvolume acts solely as a 
transmitter of acoustic power between subvolumes; an inactive 
subvolume cannot accept acoustic power from outside the payload 
bay. Finally, Code 3 identifies an irregular, active subvolume. 
An irregular subvolume accepts acoustic power form outside the 
orbiter but only in frequency bands above (but not including) 
the band containing the lowest resonance frequency of the sub- 
volume. The irregular, active subvolume is the model recom- 
mended for annular-type subvolumes on the basis of results from 
the one-quarter scale model tests (Volume V of [1]). 
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Even with these options available within PACES, the user should 
be alert to any large changes in predicted sound levels at low 
frequencies when a payload is introduced. There are two reasons 
why these large changes should be treated with caution. First- 
ly, the model might introduce strong subvolume acoustic modes 
which cannot, in practice, be supported by open ends of an 
annular subvolume. Secondly, the modeling of the payload bay as 
a series of subvolumes will exclude from the model low frequency 
modes of the empty bay. In practice the presence of the payload 
may interfere with, but not eliminate, these modes. It is 
recommended that, if the user suspects that either of these 
effects is occurring in the low frequencies, additional computa- 
tions be performed with different codes or dimensions for the 
subvolumes, or with a different subdivision of the space around 
the payload, for example a single subvolume with a non-bounding 
payload. 

Finally, it should be noted that there has not yet been an 
opportunity to validate PACES for a payload bay with payload 
under actual launch conditions. The only validations performed 
for actual lift-off conditions have been for payload bays which 
are essentially empty. 
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